






























































An	 engineered	 yeast	 cell	 producing	 the	 three	 most	 common	 jojoba‐like	 wax	 esters,	





































use	 of	 various	 enzymes	 derived	 from	bacterial	 and	 plant	 sources	 as	well	 as	 tuning	 S.	
cerevisiae	FA	metabolism	towards	the	increased	synthesis	of	VLCMUFAs.	In	this	way	a	S.	
cerevisiae	strain	was	created	that	produces	14.38	േ	1.76	mg	WEs/g	CDW.	Of	these	WEs,	







































Increasing	 jojoba‐like	 wax	 ester	 production	 in	 Saccharomyces	 cerevisiae	 by	




























Designed	 the	 study,	 performed	 the	 experimental	work	 (except	 for	 the	 analysis	 of	 the	
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colleagues	and	friends	 to	discuss	with	about	science	and	 life	 in	general.	Also,	a	special	














































acetyl‐CoA	synthetase		 	 	 ‐	 ACS	
Acinetobacter	baylyi	ADP1	 	 ‐	 Ab	
adenosine	diphosphate	 	 	 ‐	 ADP	
adenosine	monophosphate	 	 ‐	 AMP	
adenosine	triphosphate	 	 	 ‐	 ATP	
alcohol	dehydrogenase	 	 	 ‐	 ADH	
aldehyde	dehydrogenase		 	 ‐	 ALD	
amino	acid	 	 	 	 ‐	 AA	
AMP	activated	protein	kinase	 	 ‐	 AMPK	
Apis	mellifera		 	 	 ‐	 Am	
Arabidopsis	thaliana	 	 	 ‐	 At	
atmospheric	pressure	chemical	ionization	 ‐	 APCI	
Brassica	napus	 	 	 ‐	 Bn	
Calanus	hyperboreus	 	 	 ‐	 Ch	
cell	dry	weight	 	 	 ‐	 CDW	
Crambe	abyssinica	 	 	 ‐		 Ca		
deoxyribonucleic	acid	 	 	 ‐	 DNA	
diunsaturated	wax	ester	 	 	 ‐	 DUWE	
electron	ionization	 	 	 ‐	 EI	
electrospray	ionization	 	 	 ‐	 ESI	
endoplasmic	reticulum	 	 	 ‐	 ER	
enoyl‐CoA	reductase	(ECR)	 	 ‐	 ECR	
Euglena	gracilis	 	 	 ‐	 Eg	




fatty	acid	methyl	ester	 	 	 ‐	 FAME	
fatty	acid	synthase	 	 	 ‐	 FAS	
fatty	acid	 	 	 	 ‐	 FA	
fatty	acyl	reductase	 	 	 ‐	 FAR	
fatty	acyl‐ACP	 	 	 ‐	 FAACP	
fatty	acyl‐CoA	 	 	 ‐	 FACoA	
fatty	alcohol		 	 	 ‐		 FOH	
fatty	aldehyde	reductase			 	 ‐	 FAldhR	
fatty	aldehyde	 	 	 ‐	 FAldh	
flame	ionization	detector		 	 ‐	 FID	
Fourier	transform	 	 	 ‐	 FT	
free	fatty	acid	 	 	 ‐	 FFA	
cell	fresh	weight	 	 	 ‐	 CFW	
gas	chromatography	 	 	 ‐	 GC	
glucose‐6‐phosphate	dehydrogenase		 	 ‐	 G6PH	
glycosylphosphatidylinositol		 	 ‐	 GPI	
high	erucic	acid	 	 	 ‐	 HEA	
high	pressure	liquid	chromatography	 	 ‐	 HPLC	
inositol/choline‐responsive	element	 	 ‐	 ICRE	
inositolphosphoryl	ceramide		 	 ‐	 IPC	
inositol‐responsive	upstream	activating	sequence	 ‐	 UASINO	
low	erucic	acid	 	 	 ‐	 LEA	
Lunaria	annua	 	 	 ‐	 La	
lysine	acetyltransferase	 	 	 ‐	 KAT	
xiii	
	
lysine	deacetylase	 	 	 ‐	 KDAC	
mannose‐diinositolphosphoryl	ceramide		 ‐	 M(IP)2C		
mannose‐inositol‐phosphoryl	ceramide		 ‐	 MIPC		
Marinobacter	aquaeolei	VT8	 	 ‐	 Ma	
mass	spectrometry	 	 	 ‐	 MS	
monounsaturated	fatty	acid	 	 ‐	 MUFA	
monounsaturated	fatty	alcohol	 	 ‐	 MUFOH	
nicotinamide	adenine	dinucleotide		 	 ‐	 NAD+/NADH	
nicotinamide	adenine	dinucleotide	phosphate	 ‐	 NADP+/NADPH	
pentose	phosphate	pathway		 	 ‐	 PPP	
phosphatidic	acid		 	 	 ‐	 PA	
phospholipid	 	 	 ‐	 PL	
phytyl	ester	synthase	 	 	 ‐	 PES	
polyhydroxyalkanoates	 	 	 ‐	 PHAs	
pyruvate	decarboxylase	 	 	 ‐	 PDC	
pyruvate	dehydrogenase		 	 ‐	 PDH	
ribonucleic	acid	 	 	 ‐	 RNA	
Saccharomyces	cerevisiae		 	 ‐	 Sc	
Salmonella	enterica	 	 	 ‐	 Se	
Simmondsia	chinensis	 	 	 ‐	 Sci	
steryl	ester	 	 	 	 ‐	 SE	
total	fatty	acids	 	 	 ‐	 TFAs	
transmembrane	helix	 	 	 ‐	 TMH	
triacylglycerol	 	 	 ‐	 TAG	
tricarboxylic	acid	cycle	 	 	 ‐	 TCA	
xiv	
	
Triticum	aestivum	 	 	 ‐	 Ta	
Tropaeolum	majus	 	 	 ‐	 Tm	
unsaturated	fatty	acid		 	 	 ‐	 UFA	
(very)	long‐chain	fatty	acid	 	 ‐	 (V)LCFA	
(very)	long‐chain	fatty	acyl‐CoA	 	 ‐	 (V)LCFACoA	
(very)	long‐chain	fatty	alcohol	 	 ‐		 (V)LCFOH	
(very)	long‐chain	monounsaturated	fatty	acid	 ‐																			 (V)LCMUFA	
(very)	long‐chain	wax	ester	 	 ‐	 (V)LCWE	
wax	ester		 	 	 	 ‐		 WE	
wax	synthase	 	 	 ‐	 WS	
wax	synthase/diacylglycerol	acetyltransferase	 ‐	 DAcT	
wax	synthase/diacylglycerol	acyltransferase	 ‐	 WS/DGAT(D)	
β‐hydroxyacyl‐CoA	dehydratase	 	 ‐	 HCD	















bonds	 (if	 the	position	of	 the	double	bond	 is	 indicated,	 it	 is	 counted	 from	 the	 carboxyl	





fatty	alcohol	 	 	 	 	
CX:Y‐FOH,	 X	 indicating	 the	 number	 of	 carbon	 atoms	 and	 Y	 indicating	 the	 number	 of	
double	bonds	

















In	 this	 thesis,	 the	 Saccharomyces	 cerevisiae	 “Genetic	 Nomenclature	 Guide”	 (1998)	 for	
genes	and	proteins	has	been	followed.	
This	means	that	gene	symbols	comprise	three	italic	letters,	and	an	Arabic	number,	with	





disruption	 (::)	 (e.g.	 GEN1::GEN2,	 a	 disruption	 of	 the	 gene	GEN1	 by	 integration	 of	 the	
functional	gene	GEN2);	deletion	(Δ)	(e.g.	GEN1Δ,	deletion	of	the	GEN1	gene);	replacement	
(Δ::)	(e.g.	GEN1Δ::GEN2,	replacement	of	GEN1	by	the	GEN2	gene).		
























































S.	cerevisiae	 as	a	production	organism	has	a	 long‐standing	history.	 It	has	been	used	 to	
naturally	produce	fermented	products	like	beer,	bread	and	wine	for	centuries	(Legras	et	
al.,	2007),	but	is	also	an	important	organism	for	the	heterologous	production	of	proteins	
(Bonander	 and	 Bill,	 2012;	 Martínez	 et	 al.,	 2012;	 Porro	 et	 al.,	 2005)	 and	 chemicals	
(Krivoruchko	and	Nielsen,	2015;	Marella	et	al.,	2018).		
To	produce	proteins	and	chemicals	in	S.	cerevisiae,	its	metabolism	needs	to	be	modified	
and	additional	genes	might	need	 to	be	 introduced	or	 intrinsic	genes	overexpressed	or	
deleted.	The	advantages	of	S.	cerevisiae	as	a	production	host	are	that	it	is	very	efficient	in	
fermenting	 sugars	 to	 ethanol,	 which	makes	 it	 a	 favorable	 organism	 in	 beer	 and	wine	
production,	but	also	to	produce	bioethanol.	Moreover,	it	shows	a	fast	growth	rate	and	is	
robust	towards	low	pH,	high	sugar	and	ethanol	concentrations,	high	osmotic	pressure	as	





Nielsen,	 2015).	 In	 terms	 of	 protein	 production,	 another	 advantage	 of	 S.	 cerevisiae	
compared	 to	 bacterial	 hosts	 is	 that	 it	 possesses	 the	 ability	 of	 post‐translational	
modifications	and	secretion	of	proteins	(Schmidt	2004).		





supplements	 and	 pharmaceuticals),	 fatty	 alcohols	 (FOHs)	 (usable	 as	 biofuels	 and	
chemical	building	blocks),	isoprenoids	(a	very	broad	class	of	chemicals	used	as	biofuels,	
dietary	 supplements,	 fine	 fragrances,	 flavors,	 pharmaceuticals	 and	 vitamins),	
polyhydroxyalkanoates	 (PHAs)	 (biopolymers),	 polyketides	 (used	 as	 pharmaceuticals),	
polyphenols	 (another	 broad	 class	 of	 chemicals	 used	 as	 antioxidants	 or	 neutraceutical	














the	 first	 step,	 pyruvate	 is	 decarboxylated	 to	 acetaldehyde,	 catalyzed	 by	 a	 pyruvate	
decarboxylase	 (PDC).	 S.	 cerevisiae	 possesses	 three	 PDCs	 (Pdc1p,	 Pdc5p	 and	 Pdc6p),	
whereof	 Pdc1p	 is	 most	 important	 in	 glucose	 rich	 medium	 (Pronk	 et	 al.,	 1996).	
Acetaldehyde	 can	 then	 either	 be	 converted	 into	 ethanol,	 catalyzed	 by	 an	 alcohol	
dehydrogenase	(ADH)	or	it	can	be	converted	to	acetate	by	an	aldehyde	dehydrogenase	
(ALD).	 The	 former	 is	 the	 preferred	 reaction	 in	 high	 glucose	 concentrations,	 the	 latter	
occurs	to	a	lower	extent	and	is	the	second	step	in	cytosolic	acetyl‐CoA	formation	(Gombert	
et	al.,	2001;	Heyland	et	al.,	2009).	Of	the	five	different	ALDs	present	in	S.	cerevisiae,	Ald6p	









In	 glucose	 containing	medium,	ACS1	 is	 repressed	 and	 Acs2p	 is	 solely	 responsible	 for	
acetyl‐CoA	formation	in	the	cytosol	(van	den	Berg	et	al.,	1996;	Kratzer	and	Schüller,	1995;	
Starai	and	Escalante‐Semerena,	2004;	Takahashi	et	al.,	2006).	Besides	being	localized	in	



































and	 nucleocytosolic	 acetyl‐CoA	 pools	 are	 biochemically	 separated	 (Takahashi	 et	 al.,	





Figure	 1	 General	 acetyl‐CoA	 metabolism	 in	 S.	 cerevisiae.	 Acc1p,	 acetyl‐CoA	 carboxylase;	 Ach1p,	 acetyl‐CoA	
hydrolase;	 Acs1p/Acs2p,	 acetyl‐CoA	 synthetase;	 Adh1p/Adh2p/Adh3p/Adh4p/Adh5p,	 alcohol	 dehydrogenase;
Ald2p/Ald3p/Ald4p/Ald5p/Ald6p,	aldehyde	dehydrogenase;	Cit1p/Cit2p/Cit3p,	citrate	synthase;	Erg10p,	acetyl‐CoA	
C‐acetyl	transferase	(acetoacetyl‐CoA	thiolase);	HXT,	hexose	transporter;	Mls1p,	malate	synthase;	MPC,	mitochondrial	







which	 can	 freely	 diffuse	 between	 the	 cytosol,	 the	 mitochondria,	 the	 nucleus	 and	











in	 peroxisomes	 and	 mitochondria,	 Yat2p	 in	 the	 cytosol	 and	 Yat1p	 in	 the	 outer	
mitochondrial	membrane.	Cat2p	has	been	identified	as	the	main	CAT	in	cells	grown	on	











1995).	Since	 it	 requires	 the	TCA	cycle	as	well	as	gluconeogenesis	 to	 function,	all	 three	
pathways	 are	 coordinately	 regulated.	 The	 glyoxylate	 cycle	 has	 an	 anaplerotic	 role	 by	
providing	 the	 TCA	 cycle	 with	 succinate.	 The	 acetyl‐CoA	 pool	 in	 the	 peroxisomes	 is	
connected	 to	 the	 glyoxylate	 cycle	 via	 the	 citrate	 synthase	 Cit2p	 which	 catalyzes	 the	
conversion	of	acetyl‐CoA	and	oxaloacetate	(Oac)	to	citrate	(Kim	et	al.,	1986;	Lewin	et	al.,	
1990).	The	net	reaction	of	the	glyoxylate	cycle	is	the	formation	of	1	mol	succinate,	2	mol	
CoA	 and	 1	 mol	 NADH	 +	 H+	 from	 2	 mol	 of	 acetyl‐CoA	 and	 1	 mol	 NAD+.	 Succinate	 is	
transported	into	the	mitochondria	where	it	is	converted	to	malate	in	the	TCA	cycle.	Malate	
can	then	be	transported	into	the	cytosol	where	it	is	converted	to	oxaloacetate	by	malate	
dehydrogenase	 (Mdh2p)	 (Minard	 and	 McAlister‐Henn,	 1991),	 further	 to	
phosphoenolpyruvate	 by	 phosphoenolpyruvate	 carboxykinase	 (Pck1p)	 and	 finally	 to	
glucose	(Valdes‐Hevia	et	al.,	1989).	The	reverse	reaction,	the	formation	of	pyruvate	from	
phosphoenolpyruvate,	is	catalyzed	by	a	pyruvate	kinase	(Pyk1p	=	Cdc19p,	Pyk2p)	(Boles	
et	 al.,	 1997;	Mortimer	et	 al.,	 1989).	The	malate	 synthase	Mls1p	 connects	 the	 cytosolic	




















the	 cytosol	 and	 is	 the	 precursor	 for	 sterols	 like	 ergosterol	 which	 is	 an	 important	






alcohol	 dehydrogenase;	 Ald2p/Ald3p/Ald6p,	 aldehyde	 dehydrogenase;	 Cit1p/Cit2p/Cit3p,	 citrate	 synthase;	 Icl1p,








FA	 biosynthesis	 is	 dependent	 on	 acetyl‐CoA	 as	 a	 precursor.	 S.	 cerevisiae	 possesses	 a	
mitochondrial	 and	 a	 cytosolic	 FA	 machinery.	 The	 main	 function	 of	 mitochondrial	 FA	
biosynthesis	 is	 probably	 the	 formation	 of	 octanoyl‐ACP,	 a	 precursor	 of	 lipoic	 acid,	 an	
essential	cofactor	in	oxidative	decarboxylation	reactions.	Mutants	lacking	mitochondrial	
FA	 biosynthesis	 are	 respiratory	 incompetent,	 but	 viable,	 which	 indicates	 that	 this	
pathway	is	not	needed	for	bulk	FA	biosynthesis	(Tehlivets	et	al.,	2007).	Therefore,	only	
the	cytosolic	pathway	will	be	discussed	further.	Cytosolic	FA	biosynthesis	in	S.	cerevisiae	
releases	 FACoAs,	 which	 can	 be	 used	 for	 the	 synthesis	 of	 membrane	 lipids,	 including	
phospholipids	 (PLs),	 sphingolipids	and	cardiolipins	 (Klug	and	Daum,	2014),	or	 for	 the	
synthesis	 of	 storage	 lipids,	 including	 steryl	 esters	 (SEs)	 and	 triacylglycerols	 (TAGs)	
(Czabany	et	al.,	2007;	Kohlwein,	2010;	Korber	et	al.,	2017).	Lipid	turnover	reactions	can	
release	 free	 fatty	 acids	 (FFAs)	 (de	 Kroon,	 2007;	 Kurat	 et	 al.,	 2006),	 which	 can	 be	
reactivated	to	FACoAs	by	the	action	of	fatty	acyl‐CoA	synthetases	(Faa1p‐Faa4p/Fat1p)	
(Black	and	DiRusso,	2007).	FACoAs	can	also	be	used	for	the	posttranslational	modification	

















type	 I	 FAS	 systems.	 This	 means	 that	 individual	 functions	 involved	 in	 cytosolic	 FA	
biosynthesis	are	represented	as	discrete	domains	on	a	single	or	two	different	polypeptide	
chains.	 In	contrast	 to	 that,	 type	II	FAS	systems	 in	most	bacteria,	but	also	 in	eukaryotic	










and	 malonyl‐palmitoyl	 transferase	 (MPT)	 (Schweizer	 et	 al.,	 1986),	 whereas	 Fas2p	
harbors	 the	domains	 acyl	 carrier	protein	 (ACP),	 β‐ketoacyl	 reductase	 (KR),	 β‐ketoacyl	







is	 the	 NADPH‐dependent	 reduction	 of	 acetoacetyl‐[ACP]	 to	 β‐hydroxybutanoyl‐[ACP]	
catalyzed	by	the	KR	domain.	The	fifth	step	is	the	dehydratisation	of	β‐hydroxybutanoyl‐
[ACP]	 to	 crotonyl‐[ACP]	 catalyzed	 by	 the	 DH	 domain.	 The	 sixth	 and	 final	 step	 is	 the	
NADPH‐dependent	 reduction	 of	 crotonyl‐[ACP]	 to	 butyryl‐[ACP]	 catalyzed	 by	 the	 ER	































FAs	 from	cytosolic	de	novo	FA	synthesis	 in	S.	cerevisiae	 are	released	as	acyl‐CoAs.	The	
transfer	 of	 acyl‐residues	 from	ACP	 to	 CoA	 is	 catalyzed	 by	 an	 intrinsic	 acyltransferase	
activity	 of	 yeast	 cytosolic	 FAS,	 yielding	 long‐chain	 fatty	 acyl‐CoAs	 (LCFACoAs),	mostly	
palmitoyl‐CoA	(C16:0‐CoA)	and	stearoyl‐CoA	(C18:0‐CoA).		
In	contrast	 to	 that,	most	bacteria	catalyze	 the	direct	 formation	of	 lipids	 from	acyl‐ACP	
substrates	 (Tehlivets	 et	 al.,	 2007).	 Also	 in	 plants,	 acyl‐ACPs	 such	 as	 palmitoyl‐ACP	 or	
stearoyl‐ACP,	can	be	used	directly	by	acyltransferases	to	produce	phosphatidic	acid	(PA),	
a	precursor	for	lipid	synthesis	(Harwood,	1996).	Moreover,	archaea,	bacteria,	mammals	











The	 FA	 biosynthesis	 machinery	 is	 regulated	 on	 various	 levels,	 including	 the	
transcriptional	 and	 (post‐)translational	 ones.	 ACC1	 as	 well	 as	 FAS1/FAS2	 are	
transcriptionally	 regulated	 by	 the	 membrane	 lipid	 precursors	 inositol	 and	 choline	 in	
coordination	with	 PL	 biosynthesis	 (Carman	 and	Henry,	 1999;	 Chen	 et	 al.,	 2007).	 This	
means	 that	ACC1	 as	well	as	FAS1/FAS2	 transcription	 is	controlled	by	 the	 transcription	
factors	 Ino2p/Ino4p	 and	 Opi1p.	 The	 Ino2p/Ino4p	 activator	 complex	 binds	 to	
inositol/choline‐responsive	elements	 (ICREs),	 also	 called	 inositol‐responsive	upstream	
activating	sequence	(UASINO)	which	are	located	in	the	promoter	regions	of	ACC1	(Chirala	
et	al.,	1994;	Hasslacher	et	al.,	1993),	FAS1/FAS2	(Chirala,	1992;	Schüller	et	al.,	1992)	and	
genes	 involved	 in	 PL	biosynthesis	 (Schüller	 et	 al.,	 1995).	 	Binding	 of	 the	 Ino2p/Ino4p	
complex	activates	expression	of	genes	downstream	of	the	UASINO	element	(Ambroziak	and	
Henry,	1994;	Loewy	and	Henry,	1984;	Schwank	et	al.,	1995).	In	contrast	to	that,	Opi1p	is	
a	 negative	 regulator	 of	 the	 expression	 of	ACC1,	 FAS1/FAS2	 and	 genes	 involved	 in	 PL	
biosynthesis.	 In	 the	 absence	 of	 inositol,	 Opi1p	 binds	 to	 PA,	 a	 precursor	 of	 PLs,	 and	 is	
thereby	 trapped	 at	 the	 ER	 membrane.	 Therefore,	 the	 signal	 for	 Opi1p‐	 mediated	
repression	 is	 not	 inositol	 itself,	 but	 rather	 PA	 levels.	When	 inositol	 is	 present	 in	 high	
concentrations,	PA	levels	decrease,	Opi1p	is	released	from	the	ER	and	translocates	to	the	



















raised	 activity	 of	 Acc1p	 by	 decreased	 phosphorylation.	 This	 effect	 of	 a	 raised	 Acc1p	
activity	is	accompanied	by	elevated	histone	acetylation	at	the	promoter	region	of	ACC1,	
which	 results	 in	 increased	 ACC1	 expression	 levels	 (Figure	 6)	 (Galdieri	 et	 al.,	 2014).	




conversion	 of	 acetyl‐CoA	 to	malonyl‐CoA	which	 reduces	 the	 pool	 of	 acetyl‐CoA	 in	 the	
nucleocytosol	 and	 thereby	 leads	 to	 a	 decreased	 global	 histone	 acetylation.	 Moreover,	
snf1Δ	mutants	show	a	reduced	fitness	and	reduced	stress	resistance	(Zhang	et	al.,	2013).		
On	the	other	hand,	lower	acetyl‐CoA	levels	lead	to	hypoacetylation	of	Sip2p,	and	thereby	
increased	 activity	 of	 Snf1p,	 which	 in	 turn	 leads	 to	 increased	 phosphorylation	 and	
inhibition	of	Acc1p	as	well	as	decreased	conversion	of	acetyl‐CoA	to	malonyl‐CoA	(Lu	et	
al.,	2011).	 In	addition,	 lower	acetyl‐CoA	 levels	 lead	 to	a	decreased	expression	of	ACC1,	
because	of	a	reduced	acetylation	of	histones	in	the	promoter	region	of	ACC1	(Galdieri	et	
al.,	2014).	The	reduced	expression	of	ACC1	 in	turn	leads	to	an	increased	global	histone	
acetylation	by	an	elevated	 level	of	acetyl‐CoA	 in	 the	nucleocytosol,	which	results	 in	an	
altered	transcriptional	regulation	(Figure	6)	(Galdieri	and	Vancura,	2012;	Zhang	et	al.,	
2013).		
Figure	 6	 Regulation	 of	 genes/enzymes	 involved	 in	 fatty	 acid	 biosynthesis	 in	 S.	 cerevisiae.	
Ac,	acetyl‐CoA;	ACC1,	gene	coding	for	acetyl‐CoA	carboxylase;	Acc1p,	acetyl‐CoA	carboxylase;	ER,	endoplasmic	reticulum;















of	 around	 0.5,	 while	 cells	 harboring	 the	mutant	 enzyme	 (ACC1S1157A)	 show	 a	 ratio	 of	
around	2	(Hofbauer	et	al.,	2014).	A	yeast	strain	harboring	the	double	mutated	enzyme	
(ACC1S659A,	S1157A),	 in	addition	 to	 the	wildtype	Acc1p,	shows	an	 increase	 in	 the	 total	FA	
content	as	well	 as	 in	Acc1p	activity,	 compared	 to	a	 strain	harboring	 two	copies	of	 the	
wildtype	ACC1	or	a	strain	harboring	one	copy	of	the	wildtype	ACC1	and	one	copy	of	the	
single	mutated	enzyme	(ACC1S1157A)	(Shi	et	al.,	2014a).	
Another	 way	 of	 regulation	 of	 Acc1p	 as	 well	 as	 Fas1p/Fas2p	 is	 their	 repression	 by	
exogenous	FAs	(Chirala,	1992;	Kamiryo	et	al.,	1976;	Kamiryo	and	Numa,	1973;	Numa	and	
Tanabe,	1984),	which	is	probably	due	to	the	formation	of	FACoAs	catalyzed	by	fatty	acyl‐






































level	 it	 could	 be	 shown	 that	 depletion	 of	 Acb1p	 results	 in	 an	 upregulation	 of	 genes	
encoding	 proteins	 involved	 in	 FA	 biosynthesis	 (ACC1,	 FAS1,	 FAS2,	 OLE1)	 and	 PL	




Acb1p–FACoA	 complex	 directly	 or	 by	 its	 ability	 to	 transport	 FACoA	 to	 sites	 of	 FACoA	
consumption.	This	observation	also	shows	that	transcription	of	genes	controlled	by	the	





most	 studied	 acetylated	 proteins,	 acetylation	 enables	 the	 control	 of	 aging,	 cell	 cycle	
progression,	DNA	repair,	replication	and	transcription.	In	general,	increased	acetylation	
of	histones	located	at	promoter	regions	results	in	increased	transcription	(Galdieri	et	al.,	
2014).	Besides	histones,	 also	 several	other	proteins	 involved	 in	 cell	 cycle	progression,	
cytokinesis,	metabolism,	RNA	processing,	 stress	 response	and	 transcription	have	been	
identified	 as	 targets	 for	 acetylation	 (Duffy	 et	 al.,	 2012;	 Lin	 et	 al.,	 2009;	Weinert	 et	 al.,	





unique	 acetylation	 sites	 in	S.	 cerevisiae	 (29	 and	 50	 sites,	 respectively).	 This	 equals	 an	
















steps	 of	 FA	 biosynthesis,	 catalyzed	 by	 the	 ER	 and	 KR	 domains	 of	 Fas1p	 and	 Fas2p,	
respectively.	Therefore,	FA	biosynthesis	is	dependent	on	high	ATP/AMP	levels,	reduction	
equivalents	as	well	as	acetyl‐CoA	(Tehlivets	et	al.,	2007).		
The	 source	 of	 most	 ATP	 and	 some	 of	 the	 NADPH	 are	 mitochondria,	 where	 ATP	 is	







Like	 acetyl‐CoA,	 NAD+	 and	 ATP	 are	 compartmentalized	 and	 cannot	 move	 between	
different	compartments	of	the	cell,	but	instead	need	to	be	actively	transported.		NAD+	is	




al.,	 2006).	 NAD+	 can	 further	 be	 converted	 into	 NADH	 or	 NADP+/NADPH	 via	 different	




of	 acetaldehyde	 to	 acetate,	 NADP+	 is	 reduced	 to	 NADPH,	 catalyzed	 by	 Ald4p/Ald5p	
(mostly	Ald4p)	(Miyagi	et	al.,	2009;	Tessier	et	al.,	1998).	The	cytosolic	conversion	of	NAD+	
is	catalyzed	by	 the	 two	kinases	Utr1p	and	Yef1p,	with	Utr1p	being	the	major	cytosolic	




the	 loss	 of	 each	 other	 (Bieganowski	 et	 al.,	 2006).	 It	 also	 shows	 that	 NAD+	 and	 its	
derivatives	are	essential	metabolites	in	yeast	(and	all	other	organisms).	Various	enzymes	
in	 the	 cytosol	 can	 convert	 NADP+	 to	 NADPH.	 Ald6p	 and	 the	 glucose‐6‐phosphate	
dehydrogenase	Zwf1p,	which	catalyzes	 the	 first	 step	 in	 the	PPP,	are	considered	as	 the	
main	suppliers	of	NADPH	in	the	cytosol	(Grabowska	and	Chelstowska,	2003;	Minard	and	
McAlister‐Henn,	 2001;	 Nogae	 and	 Johnston,	 1990).	 A	 third	 enzyme	 that	 catalyzes	 the	
reduction	 of	 NADP+	 to	 NADPH	 is	 the	 cytosolic	 isocitrate	 dehydrogenase	 (Idp2p)	










are	 integrated	 with	 more	 biochemical	 reactions	 than	 any	 other	 biochemical	 agent	
(Gossmann	et	al.,	2012).	
The	 transfer	 of	 ADP/ATP	 between	 the	 cytosol	 and	 the	 mitochondria	 occurs	 via	



















for	 self‐pantetheinylation	 of	 the	 ACP	 domain	 and	 thereby	 autoactivation	 of	 the	 FAS	
enzyme	(Fichtlscherer	et	al.,	2000;	Tehlivets	et	al.,	2007).	FAS	self‐pantetheinylation	was	




cerevisiae.	The	enzymes	are	 localized	 to	 the	ER	membrane,	 facing	 the	 cytosol,	 and	 the	
reactions	are	reminiscent	of	cytosolic	de	novo	FA	biosynthesis,	with	the	exception	that	
distinct	enzymes	are	catalyzing	the	elongation	reactions	in	contrast	to	the	cytosolic	FAS	
which	contains	 two	subunits	with	seven	 functional	domains.	Moreover,	 the	elongation	












vivo	 than	C14:1Δ9‐FA	 for	 cells	 externally	 supplemented	with	0.5	mM	C16:1Δ9‐FA	and	
C14:1Δ9‐FA,	respectively	(Dittrich	et	al.,	1998;	Rössler	et	al.,	2003;	Schneiter	et	al.,	2000;	
Toke	 and	Martin,	 1996).	 Elo2p	 elongates	 C16/C18	 up	 to	 C24	 FACoAs	 and	 Elo3p	 can	
elongate	C18	to	C20‐26	FACoAs,	being	essential	for	the	elongation	of	C24	to	C26	(Oh	et	al.,	
1997;	Rössler	et	al.,	2003).	The	second	step	is	the	reduction	of	the	β‐ketoacyl‐CoA	to	β‐
hydroxyacyl‐CoA,	 catalyzed	 by	 a	 β‐ketoacyl‐CoA	 reductase	 (KCR),	 encoded	 by	 IFA38	
(YBR159w)	in	S.	cerevisiae	(Beaudoin	et	al.,	2002;	Han	et	al.,	2002).	The	third	step	is	the	





proteins	 of	 yeast	 are	 lacking	 significant	 homology	 to	 the	 mitochondrial	 β‐ketoacyl	
synthase	(Cem1p)	as	well	as	the	KS	domain	of	cytosolic	FAS,	definite	proof	for	the	function	
of	Elo1p,	Elo2p	and	Elo3p	as	condensing	enzymes	had	long	been	lacking.	However,	using	









sphingolipids	 either	 contain	phytosphingosine	 (18‐20	 carbons)	 or	dihydrosphingosine	
(16‐20	carbons)	as	long‐chain	base.		The	attached	FA	is	predominantly	C26:0‐FA	or	C26:0‐
OH.	 Ceramides	 can	 become	 more	 complex	 by	 attaching	 a	 head	 group.	 In	 yeast,	 the	
formation	of	three	different	complex	sphingolipids,	namely	inositolphosphoryl	ceramide	
(IPC),	mannose‐inositol‐phosphoryl	ceramide	(MIPC)	and	mannose‐diinositolphosphoryl	
ceramide	 (M(IP)2C)	 is	possible.	 IPC	 is	 formed	by	 the	addition	of	an	 inositol	phosphate	
group	 to	 a	 ceramide.	 MIPC	 is	 the	 product	 of	 IPC	 mannosylation	 and	 M(IP)2C	 can	 be	
synthesized	when	a	second	inositol	phosphate	group	is	attached	to	MIPC.	Sphingolipids	
are	 mostly	 found	 in	 the	 plasma	 membrane,	 but	 also	 in	 organelle	 membranes.	
Sphingolipids	fulfill	a	range	of	different	roles	in	S.	cerevisiae,	e.g.	they	are	required	for	the	
formation	of	glycosylphosphatidylinositol	(GPI)	lipid	anchors	for	proteins	in	the	plasma	






































disruption	 of	 ELO3	 leads	 to	 accumulation	 of	 long‐chain	 bases,	 especially	
phytosphingosine,	and	an	increase	 in	IPC	species	with	a	simultaneous	reduction	of	the	
mannosylated	 complex	 sphingolipids	MIPC	 and	M(IP)2C	 (Ejsing	 et	 al.,	 2009;	 Oh	 et	 al.,	
1997).	 The	 decreased	 sphingolipid	 concentrations	might	 also	 explain	why	 deletion	 of	
ELO3	 was	 reported	 to	 affect	 vacuolar	 organization	 (Kohlwein	 et	 al.,	 2001),	 protein	



















acid	 (C18:0‐FA)	 (Oh	et	 al.,	 1997;	Welch	and	Burlingame,	1973).	Minor	 species	 include	
C14:0‐FA,	C14:1Δ9‐FA	and	C26:0‐FA	 (Martin	 et	 al.,	 2007).	 Since	MUFAs	are	 important	








moiety	 (Mitchell	 and	 Martin,	 1995).	 The	 formation	 of	 the	 double	 bond	 by	 Ole1p	 is	







certain	genes	encoding	FA	elongation	enzymes,	e.g.	 the	expression	of	 the	ELO1	gene	 is	
upregulated	by	C14:0‐FA	and	repressed	by	C16:0‐FA	(Toke	and	Martin,	1996).	Moreover,	
it	 has	 been	 shown	 that	 the	 expression	 of	 ELO1,	 ELO2	 and	 ELO3	 is	 downregulated	 in	
stationary	 phase	 and	 under	 nitrogen	 limitation	 (Gasch	 et	 al.,	 2000).	 Besides	
transcriptional	 regulation	 it	 has	 also	 been	 shown	 that	 certain	 K‐residues,	 which	 are	
located	in	the	sixth	transmembrane	helix	(TMH6)	region	proximal	to	the	luminal	face	of	
the	membrane	 in	 the	 condensing	 enzymes	 Elo2p	 and	 Elo3p,	 determine	 VLCFA	 length	








































Choi	 et	 al.,	 1996;	McDonough	et	 al.,	 1992),	 and	also	 the	half‐life	 of	 the	OLE1	mRNA	 is	
dramatically	reduced	upon	exposure	to	UFAs	(Gonzalez	and	Martin,	1996).	In	contrast	to	
that,	OLE1	 transcription	 is	 increased	 in	 response	 to	 low	oxygen	 and	 low	 temperature	
(Kwast	et	al.,	1999;	Nakagawa	et	al.,	2002).	This	response	is	mediated	by	two	homologous	
ER	 membrane‐bound	 transcription	 factors,	 Spt23p	 and	 Mga2p,	 which	 activate	 OLE1	














(Röttig	 and	 Steinbüchel,	 2013).	 Their	 formation	 is	 catalyzed	 by	 two	 different	 enzyme	





long	been	assumed	 that	all	prokaryotic	enzymes	release	 the	FAldh	 intermediate	and	a	
second	enzyme	converts	it	further	to	a	FOH	(Hofvander	et	al.,	2011).	Recently,	however,	
it	 was	 demonstrated	 that	 two	 prokaryotic	 enzymes,	 namely	 Maqu_2220	 (MaFAldhR)	
(NCBI	accession	no.	YP_959486)	and	Maqu_2507	(NCBI	accession	number	YP_959769),	
derived	 from	 the	Gram‐negative	bacterium	Marinobacter	aquaeolei	 VT8	 (Ma),	 are	 also	
able	 to	 catalyze	 both	 reduction	 steps	 (Hofvander	 et	 al.,	 2011;	 Lenneman	 et	 al.,	 2013;	
Wahlen	et	al.,	2009;	Willis	et	al.,	2011).	In	bacteria,	FOHs	can	also	be	synthesized	from	
FAACP	 substrates,	 since	 those	are	 the	products	 of	 bacterial	de	novo	 FA	 synthesis.	 The	

























and	 Schmidt‐Dannert,	 2007;	 Kalscheuer	 et	 al.,	 2007;	 Russell	 and	 Volkman,	 1980).	















WEs	 as	 a	 carbon	 storage,	 similar	 to	 prokaryotes	 (Teerawanichpan	 and	 Qiu,	 2012).	 In	
insects,	specific	FOHs	(or	their	derivatives)	can	act	as	sex	pheromones	(Löfstedt,	1993;	
Tillman	 et	 al.,	 1999),	whereas	WEs	 can	 have	 a	 structural	 function	 as	 a	 component	 of	
beeswax	(Blomquist	et	al.,	1980;	Tulloch,	1971).	In	mammals,	sebaceous	glands	produce	









mammalian	 meibum,	 produced	 by	 meibomian	 glands	 in	 the	 eyelids,	 responsible	 for	
preventing	evaporation	of	the	eye’s	tear	film	(Driver	and	Lemp,	1996).	In	protozoa,	like	






















using	 different	 methods,	 either	 involving	 hydrolysis	 of	 WEs	 and	 analysis	 of	 their	
constituents	or	the	direct	analysis	of	intact	WE	species.	So	far,	the	most	prominent	method	
for	quantification	of	WEs	has	been	hydrolysis	of	the	WEs	and	subsequent	quantification	
of	 the	 derivatized	 FA	 and	 FOH	 moieties	 by	 gas	 chromatography	 coupled	 with	 flame	
ionization	detection	(GC‐FID)	or	electron	ionization	mass	spectrometry	(GC‐EI‐MS)	(El‐
Mallah	 and	 El‐Shami,	 2009;	 Miwa,	 1971;	 Tada	 et	 al.,	 2005).	 The	 disadvantage	 of	 this	
method	 is	 the	 loss	 of	 information	 about	 the	 molecular	 species	 composition	 of	 the	
individual	WEs.	Nowadays,	it	is	also	possible	to	analyze	intact	WEs	via	GC‐MS,	due	to	the	
development	 of	 GC	 capillaries	 that	 are	 stable	 at	 high	 temperatures.	 This	 method	 has	









because	 these	 species	 show	 very	 low	 abundant	 molecular	 ions	 and	 low	 abundant	
diagnostic	ions	(Butovich	et	al.,	2012;	Urbanová	et	al.,	2012).	The	analysis	of	WEs	in	jojoba	









accounted	 for	 90%	 of	 the	 total	 WE	 species.	 They	 were	 composed	 of	 C18‐C24	
monounsaturated	fatty	alcohol	(MUFOH)	and	MUFA	residues.	The	most	prominent	ones,	
comprising	 over	 50%,	were	 the	 C42:2‐WEs	 (Vrkoslav	 et	 al.,	 2013).	 For	 a	 quantitative	
output,	calibration	of	many	internal	standards	is	necessary	when	using	chromatography‐
based	 methods.	 This	 can	 be	 circumvented	 by	 using	 a	 direct	 infusion	 into	 the	 mass	
spectrometer	 (shotgun	 approach).	 To	 enable	high‐throughput	 quantitative	 profiling	 of	
molecular	 WE	 species,	 nano‐electrospray	 ionization	 tandem	 mass	 spectrometry	





Iven	 et	 al.	 (2013)	 are	 in	 good	 agreement	with	Vrkoslav	 et	 al.	 (2010/2013)	 as	well	 as	



































Since	 the	 demand	 for	naturally	 derived	products	 is	 rising,	 the	market	 for	 jojoba	 oil	 is	
increasing	 steadily.	 Because	 of	 the	 increased	 demand	 and	 improved	 production	
capabilities,	the	production	of	jojoba	oil	has	increased	over	the	past	few	years	especially	























(2010),	 Yu	 et	 al.	 (2018)	 and	 Zhang	 et	 al.	 (2017)	 do	 not	 specify	 the	 amounts	 of	WEs	
produced	by	modified	S.	cerevisiae	strains.	The	study	by	Biester	et	al.	(2012)	showed	the	
production	 of	 up	 to	 2	 µmol	 WEs/g	 cell	 fresh	 weight	 (CFW)	 for	 S.	 cerevisiae	 cells	
heterologously	 expressing	WS1	 from	Gallus	gallus	 (GgWS1)	under	 supplementation	of	
C10:0‐FOH	 to	 C18:0‐FOH,	 whereas	 cells	 expressing	 GgFAR1	 and	 GgWS4	 under	
supplementation	of	C14:0‐FA	produced	550	nmol	WEs/g	CFW.	The	combined	expression	










synthesis	 of	 ~	 20.57	 ±	 1.67	 mg	 WEs/g	 CDW	 under	 supplementation	 of	 0.5	 mg/mL	
hexadecanol	 (C16:0‐FOH)	 (Miklaszewska	 et	 al.,	 2018).	 Most	 of	 the	 studies	 show	 a	
synthesis	of	WEs	in	the	chain	length	range	of	C26‐C36	(Table	1).	Only	when	S.	cerevisiae	




































































































































































































































































































































































































































































































plants	 has	 been	 investigated	 intensively	 (Table	2).	 It	 is	 an	 interesting	 aspect	 for	 this	
study,	since	a	 lot	of	enzymes	tested	 in	 transgenic	plants	have	also	been	used,	or	could	
potentially	be	used,	 in	S.	cerevisiae.	 In	contrast	 to	yeast,	plants	show	a	more	 favorable	












plants	 so	 far	 (~	 100	 mg	 WEs/g	 seeds)	 was	 achieved	 in	 A.	 thaliana	 by	 heterologous	
expression	of	MaFAldhR	together	with	SciWS.	The	most	prominent	WE	species	in	this	case	
was	C18:1‐C20:1	(17.7	mol%)	(Iven	et	al.,	2016).	The	highest	yield	of	WEs	in	transgenic	



























































































































































































































































































































































































































































































































































































































length	up	 to	C36,	which	does	not	 represent	 the	predominant	WE	species	 in	 jojoba	oil,	
namely	 C42:2‐WEs	 (46.8	mol%)	 and	 C40:2‐WEs	 (20.7	mol%)	 (Iven	 et	 al.,	 2013).	 The	
synthesis	of	very	long‐chain	WEs	(VLCWEs)	up	to	C44	in	S.	cerevisiae	had	so	far	only	been	
achieved	 after	 substrate	 feeding.	 Therefore,	 the	 goal	 of	 this	 study	 was	 to	 enable	 the	
synthesis	of	jojoba‐like	WEs	in	S.	cerevisiae	without	the	additional	feeding	of	FOH	or	FA	
precursors.	For	this	purpose,	various	combinations	of	heterologous	FARs	and	WSs	were	
screened.	 The	 FARs	 from	 A.	 mellifera	 (AmFAR1)	 and	 M.	 aquaeolei	 VT8	
(Maqu_2220/MaFAldhR)	enabled	the	synthesis	of	FOHs,	with	a	chain	length	of	C16‐C22,	
when	expressed	in	a		S.	cerevisiae	strain	carrying	a	deletion	in	ELO3	and	overexpressing	







Mycobacterium	 vaccae	 (Mv)	 which	 is	 able	 to	 produce	 C16‐FAs/C18‐FAs	 as	 well	 as	





severe	 growth	defect,	 probably	due	 to	 a	 lack	 of	VLCFACoAs,	we	developed	 a	 dynamic	
control	 strategy	 for	 separating	 cell	 growth	 from	 docosanol	 production,	 involving	
galactose	inducible	promoters.	The	combined	expression	of	AtFAR1	and	MvFAS,	fused	to	
its	PPT	domain,	in	a	background	strain	carrying	a	deletion	in	ELO3,	while	overexpressing	

















from	 Lunaria	 annua	 (LaFAE1)	 led	 to	 a	 high	 increase	 in	 C24:1‐FA.	 The	 combined	
expression	of	CaFAE1,	OLE1,	MaFAldhR	and	SciWS	in	a	S.	cerevisiae	strain,	carrying	several	
other	modifications,	led	to	a	yeast	strain	capable	of	producing	high	amounts	of	MUFOHs	
(up	 to	C22:1‐FOH)	as	well	 as	DUWEs	 (up	 to	C46:2‐WE).	Moreover,	 the	analysis	of	 the	








a	 regulatory	 function	of	 the	 lysine	 acetylation	 sites	 is	 not	unlikely.	We	used	 a	 residue	
replacement	system,	in	which	the	AAs	glutamine	(Q)	or	arginine	(R)	were	introduced	at	
three	 lysine	 sites	 (K)	 (K83,	 K173	 and	 K1551)	 in	 Fas2p,	 either	 separately	 or	
simultaneously.	 The	 goal	 of	 this	 AA	 replacement	was	 to	 either	mimic	 a	 constitutively	
acetylated	 (Q)	 or	 non‐acetylatable	 state	 (R).	 Our	 results	 indicate	 that	 the	 three	 lysine	














enzymes,	 rather	 than	 to	 specifically	produce	high	amounts	of	WEs.	Most	 studies	were	
conducted	under	substrate	feeding	of	FAs,	FOHs	or	both	precursors	and	only	a	few	studies	
reported	titers,	yields	or	productivity.		
Previous	 studies	 had	 shown	 that,	 among	others,	 the	 FARs	derived	 from	Apis	mellifera	




aquaeolei	 VT8	 (Maqu_2507)	 (Zhou	 et	 al.,	 2016),	 four	 FAR	 homologues	 of	 Triticum	





Tomiyama	 et	 al.,	 2017),	G.	 gallus	 (GgWS1/2/4/5,	GgDGAT1)	 (Biester	 et	 al.,	 2012),	M.	
hydrocarbonoclasticus	 DSM	 8798	 (MhWS2)	 (Miklaszewska	 et	 al.,	 2018),	M.	musculus	
(MmWS)(Heilmann	et	al.,	2012;	Miklaszewska	et	al.,	2013;	Yu	et	al.,	2018),	Petunia	hybrida	
(PhWS1)	(King	et	al.,	2007),	S.	chinensis	(SciWS)	(Miklaszewska	and	Banaś,	2016;	Yu	et	al.,	
2018)	 Thraustochytrium	 roseum	 (TrWSD4)	 (Zhang	 et	 al.,	 2017)	 and	 T.	 alba	 (TaWS4)	
(Biester	 et	 al.,	 2012)	 (Table	1).	 The	 highest	WE	 yield	 in	 transgenic	 yeasts	 and	 plants	
reported	 in	 literature	 were	 achieved	 by	 expression	 of	 enzymes	 derived	 from	
Marinobacter	 species.	 S.	 cerevisiae,	 expressing	 a	 WS	 derived	 from	 M.	
hydrocarbonoclasticus	(MhWS2),	showed	the	synthesis	of	~	20.57	±	1.67	mg	WEs/g	CDW	
under	 supplementation	 of	 0.5	mg/mL	 hexadecanol	 (C16:0‐FOH)	 (Miklaszewska	 et	 al.,	
2018).	 However,	 this	 study	 did	 not	 describe	 the	 composition	 of	 the	 WEs	 produced.	
Transgenic	 A.	 thaliana	 expressing	 a	 FAR	 derived	 from	M.	 aquaeolei	 VT8	 (MaFAldhR)	
together	with	a	WS	derived	from	S.	chinensis	(SciWS)	achieved	a	WE	production	of	~	100	
mg	WEs/g	seeds,	with	C18:1‐C20:1	being	 the	most	abundant	WE	species	 (17.7	mol%)	












(SciFAR)	 (NCBI	 accession	 no.	 AF149917)	 and	 T.	 aestivum	 (TaFAR)	 (TAA1a;	 NCBI	





Since	 S.	 cerevisiae	 naturally	 mainly	 produces	 C16:1Δ9‐FA,	 C18:1Δ9‐FA,	 C16:0‐FA	 and	
C18:0‐FA	(Oh	et	al.,	1997;	Welch	and	Burlingame,	1973),	we	tested	the	expression	of	FARs	
and	WSs	in	a	background	strain	in	which	the	synthesis	of	VLCFAs	was	boosted	by	deletion	
of	ELO3	 and	 overexpression	 of	ELO2	 as	 well	 as	 a	 constitutive	 active	 version	 of	ACC1	
(ACC1**)(Figure	 12)	 (Hofbauer	 et	 al.,	 2014;	 Shi	 et	 al.,	 2014a).	 This	 led	 to	 a	 strain	




























SciFAR	 or	TaFAR	 (TAA1a)	with	ELO2	 in	 S.	 cerevisiae,	 we	were	 not	 able	 to	 detect	 the	
formation	of	FOHs	(data	not	shown).	This	is	in	contrast	to	a	study	by	Miklaszewska	and	
Banaś	 (2016)	 which	 showed	 that	 the	 expression	 of	 SciFAR	 in	 S.	 cerevisiae	 led	 to	 the	
formation	of	mostly	C18:0‐FOH.	 In	 case	of	TaFAR	 (TAA1a),	 four	homologous	enzymes	
with	75%,	55%,	49%,	and	95%‐AA	 identity,	 respectively,	 to	TaFAR	(TAA1a)	 (TaFAR1,	
TaFAR2,	 TaFAR3,	 and	 TaFAR4)	 were	 successfully	 expressed	 in	 S.	 cerevisiae	 and	 the	
production	of	C22:0‐FOH,	C18:0‐FOH,	C24:0‐FOH,	and	C28:0‐FOH,	respectively,	could	be	
detected	 (Wang	 et	 al.,	 2015,	 2016).	 Reasons	 for	 the	 observed	 differences	 between	
previous	 studies	 and	 our	 study	 could	 be	 that	 we	 used	 codon	 optimized	 genes	 for	





of	 C16:0‐FOH,	 C16:1‐FOH,	 C18:0‐FOH,	 C18:1‐FOH,	 C20:0‐FOH,	 C20:1‐FOH,	 C22:0‐FOH	
and	 C22:1‐FOH,	with	 the	 highest	 concentration	 of	 C22:0‐FOH/C22:1‐FOH	 followed	 by	


















5D	 elo3Δ	 ACC1**	 (pYX212::AmFAR1::ELO2)	 have	 the	 same	 carbon	 chain	 length.	 This	
strongly	indicates	that	AmFAR1	has	a	preference	towards	C22‐FAs	as	substrate,	but	that	
it	can	convert	a	range	of	other	substrates	as	well.	This	observation	stands	in	contrast	to	




Moreover,	 the	activation	rate	and/or	efficiency	of	FAs	 to	FACoAs	 inside	 the	yeast	cells	
could	 be	 different	 for	 different	 FA	 chain	 lengths.	 In	 conclusion,	 the	 higher	 C18:0‐FOH	
titers	observed	by	Teerawanichpan	et	al.	(2010)	might	be	the	result	of	a	more	efficient	
C18:0‐FA	 uptake	 and/or	 activation	 compared	 to	 the	 same	 process	 for	 C20:0‐FA	 and	
C22:0‐FA.		













(Liu	 et	 al.,	 2013;	 Youngquist	 et	 al.,	 2013).	 An	E.	 coli	 strain	 (ΔfadE)	 overexpressing	 its	
intrinsic	 fatty	 acyl‐CoA	 synthetase	 (EcfadD)	 in	 combination	 with	 Maqu_2220	 and	 the	
thioesterases	from	Cinnamomum	camphorum	(CCTE)	as	well	as	Umbellularia	californica	
(BTE),	produced	258.3	mg/L	FOHs,	with	 the	most	prominent	one	being	C12:0‐FOH.	 In	
case	 of	 the	 cyanobacterium	 Synechocystis	 sp.	 PCC	 6803,	 the	 initial	 production	 strain,	
containing	the	Maqu_2220	enzyme,	reached	an	FOH	level	of	2.87	±	0.29	mg/g	CDW	after	





including	 slr1510,	 encoding	 the	 essential	 phosphate	 acyltransferase	 enzyme	 PlsX	
(Kaczmarzyk	et	al.,	2018).	When	Maqu_2220	was	expressed	 in	 the	oleaginous	yeast	Y.	
lipolytica	 together	with	EcfadD,	a	FOH	tier	of	205.4	mg/L	could	be	observed	(Xu	et	al.,	
2016).	 The	 highest	 overall	 alcohol	 titer	 of	 8	 g/L	was	 reached	 in	 the	 oleaginous	 yeast	
Rhodosporidium	 toruloides	 through	 fed‐batch	 fermentation	after	75	h.	 In	 this	 case,	 the	
most	abundant	FOH	was	C18:1‐FOH,	followed	by	C18:0‐FOH	and	C16:0‐FOH	(Fillet	et	al.,	
2015).	The	reported	alcohol	titer	is	the	highest	so	far	reached	in	microbial	production.		











and	MaFAldhR	as	 candidate	 enzymes	 for	 the	production	of	WEs	 in	S.	cerevisiae	 under	






WE	being	 the	most	 prominent	 one,	 followed	 by	 C40:0‐WE	 (Fig.	5B	 in	paper	 I).	 Peak	
identification	was	 performed	based	 on	 appropriate	WE	 standards	 and	 on	 comparison	
with	the	spectra	in	Urbanová	et	al.	(2012).	
The	 highest	 WE	 production	 and	 the	 broadest	 spectrum	 of	 WEs	 in	 S.	 cerevisiae	 was	
observed	by	the	combined	expression	of	MaFAldhR,	SciWS	and	ELO2.	WEs	synthesized	
included	saturated,	mono‐	and	diunsaturated	ones	with	a	chain	length	ranging	from	C30	
to	 C42	 (Fig.	5C	 in	paper	 I;	Figure	15).	 The	 31	 different	WE	 species	 identified	were	
composed	of	a	FOH	residue	with	a	chain	length	of	C16–C22	and	a	FACoA	residue	with	a	
chain	length	of	C14–C22	(Table	3).	The	most	common	WEs	in	this	strain	were	C34‐WEs.	
The	 total	WE	 production	 was	 12.24	 ±	 3.35	mg	WEs/g	 CDW,	 which	 corresponds	 to	 a	








promote	 the	 formation	 of	 DUWEs	 above	 a	 chain	 length	 of	 C36.	 Therefore,	 the	 results	





very	 efficient	 enzyme	 in	different	hosts	 (including	 cyanobacteria,	 oleaginous	 yeasts,	S.	
cerevisiae	 as	well	 as	plants)	 it	might	be	of	 interest	 to	 further	 investigate	Marinobacter	
FARs	from	different	strains,	e.g.	M.	algicola	DG893	(NCBI	accession	no.	ZP_01892457)	or	
M.	adhaerens	HP15	(NCBI	accession	no.	ADP96574)	 (Hofvander	et	al.,	2011),	 to	reveal	









































WE	chain	length	 Alcohol	moiety	 Acyl	moiety	 	 Name	
C30:0	 C16:0	 C14:0	 	 Palmityl	myristate	
C30:1	 C16:1	 C14:0	 	 Palmitoleyl	myristate	
C32:0	 C16:0	 C16:0	 	 Palmityl	palmitate	
C32:0	 C18:0	 C14:0	 	 Stearyl	myristate	
C32:1	 C16:0	 C16:1	 	 Palmityl	palmitoleate	
C32:1	 C18:0	 C14:1	 	 Stearyl	myristoleate	
C32:2	 C16:1	 C16:1	 	 Palmitoleyl	palmitoleate	
C34:0	 C20:0	 C14:0	 	 Arachidyl	myristate	
C34:0	 C16:0	 C18:0	 	 Palmityl	stearate	
C34:0	 C18:0	 C16:0	 	 Stearyl	palmitate	
C34:1	 C18:0	 C16:1	 	 Stearyl	palmitoleate	
C34:1	 C16:0	 C18:1	 	 Palmityl	oleate	
C34:2	 C18:1	 C16:1	 	 Oleyl	palmitoleate	
C34:2	 C16:1	 C18:1	 	 Palmitoleyl	oleate	
C36:0	 C20:0	 C16:0	 	 Arachidyl	palmitate	
C36:0	 C22:0	 C14:0	 	 Behenyl	myristate	
C36:0	 C16:0	 C20:0	 	 Palmityl	arachidate	
C36:0	 C18:0	 C18:0	 	 Stearyl	stearate	
C36:1	 C20:0	 C16:1	 	 Arachidyl	palmitoleate	
C36:2	 ND1	 ND1	 	 ND1	
C38:0	 C22:0	 C16:0	 	 Behenyl	palmitate	
C38:0	 C16:0	 C22:0	 	 Palmityl	behenate	
C38:0	 C20:0	 C18:0	 	 Arachidyl	stearate	
C38:0	 C18:0	 C20:0	 	 Stearyl	arachidate	
C38:1	 C22:0	 C16:1	 	 Behenyl	palmitoleate	
C38:1	 C20:0	 C18:1	 	 Arachidyl	oleate	
C40:0	 C22:0	 C18:0	 	 Behenyl	stearate	
C40:0	 C20:0	 C20:0	 	 Arachidyl	arachidate	
C40:0	 C18:0	 C22:0	 	 Stearyl	behenate	
C40:1	 C22:0	 C18:1	 	 Behenyl	oleate	
C42:0	 C20:0	 C22:0	 	 Arachidyl	behenate	








harbor	a	 type	 II	FAS	system	which	consists	of	several	separate	proteins	catalyzing	 the	
synthesis	of	FAs.	 In	contrast	 to	 that,	Mycobacteria	harbor	a	 special	 type	 I	FAS	system,	
which	is	responsible	for	producing	C16‐FAs/C18‐FAs	for	the	intrinsic	cellular	demand,	as	
well	as	C22/C24/C26	VLCFAs.	The	FAS	I	system	from	M.	vaccae	is	reported	to	specifically	
synthesize	 C16‐FAs/C18‐FAs	 as	 well	 as	 C22/C24	 VLCFAs.	 Those	 VLCFAs	 are	 used	 as	
building	blocks	for	the	synthesis	of	mycolic	acids,	major	constituents	of	the	mycobacterial	







as	 an	emollient,	 emulsifier,	 thickener	 in	 cosmetics	 and	nutritional	 supplements	with	a	
market	volume	of	40,000	ton	per	year.	In	addition	to	that,	docosanol	has	been	approved	
as	a	pharmaceutical	antiviral	agent	for	reducing	the	duration	of	cold	sores	caused	by	the	
herpes	 simplex	 virus	 (Katz	 et	 al.,	 1991).	 As	 described	 earlier,	 a	 FAR	 is	 needed	 for	
conversion	of	FAs	to	FOHs.	In	a	previous	study,	a	FAR	from	A.	thaliana	(AtFAR1)	had	been	









engineered	 background	 strain,	 the	 overall	 production	 of	 C22:0‐FA	was	 below	 1	mg/g	
CDW	(Figure	17b).		
To	 become	 independent	 from	 the	 yeast	 native	 elongation	 system,	 we	 focused	 on	
establishing	 the	 FAS	 I	 from	 M.	 vaccae	 (MvFAS)	 (NCBI	 reference	 sequence:	
WP_003928293.1)	 in	yeast.	The	MvFAS	was	selected	as	 it	would	provide	high	 levels	of	








In	 contrast	 to	 the	 FAS	 system	 from	 S.	 cerevisiae	 which	 is	 able	 to	 perform	 self‐
pantetheinylation	 of	 the	 ACP	 domain	 and	 thereby	 autoactivation	 of	 the	 FAS	 enzyme,	
catalyzed	 by	 the	 PPT	 domain,	 the	mycobacterial	 FAS	 lacks	 the	 PPT	 domain	 and	 does	
therefore	 require	 an	 additional	 protein,	 an	 acyl	 carrier	 protein	 synthase	 (AcpS),	 for	
activation	of	ACP	by	pantetheinylation	(Boehringer	et	al.,	2013).	Therefore,	 the	MvFAS	
used	 in	 this	 study	was	 fused	at	 its	 carboxy‐terminus	via	 a	3*GGGGS	 linker	 to	 an	AcpS	
derived	from	M.	vaccae,	generating	MvFAS‐AcpS.	This	chimeric	MvFAS‐AcpS	was	able	to	
restore	the	growth	of	the	FA	auxotrophic	yeast	strain	PWY12	(MATa	ura3∆	leu2∆	his3∆	
trp1D	 can1D	 fas1∆::HIS3	 fas2∆::LEU2)	 (Wenz	 et	 al.,	 2001)	 on	 yeast	 extract	 peptone	










































control	 towards	 very	 long‐chain	 fatty	 acids.	 Overexpressed	 genes	 are	 shown	 in	 grey
(endogenous)	 or	 green	 (heterologous).	 Storage	 lipid	 biosynthesis	 and	 β‐oxidation	 were	





(mg/g	 CDW)	 in	 strain	 TDY7005	 (MATa	 lys2	 ura3–52	 trp1Δ	 leu2Δ	 elo2Δ::kanMX	 elo3Δ	
Δ::TRP1/pELO3)	 and	 strain	 TY004	 (MATa	 lys2	 ura3–52	 trp1Δ	 leu2Δ	 elo2Δ::kanMX	 elo3
Δ::TRP1/pGPD415‐MvFAS‐AcpS).	Shown	is	the	mean	±	SD	of	three	biological	replicates	of	a
representative	 measurement.	 *p<0.05;	 **p<0.01	 and	 ***p<0.001	 (Student’s	 t‐test,	 one‐
tailed,	 two‐sample	 unequal	 variance).	 The	 strains	 were	 grown	 in	 minimal	 medium






Since	MvFAS‐AcpS	 expression	 in	 the	 S.	 cerevisiae	 strain	 PWY12,	 harboring	 its	 natural	
elongation	system,	mainly	showed	the	synthesis	of	C26:0‐FA	(Supplementary	Fig.	3	in	
paper	II),	the	next	step	was	to	test	the	expression	of	the	MvFAS‐AcpS	in	an	ELO2/ELO3	
deletion	 strain,	 TDY7005	 (MATa	 lys2	 ura3–52	 trp1∆	 leu2∆	 elo2∆::KAN	
elo3∆::TRP1/pRS316‐ELO3)	(Paul	et	al.,	2006).		
As	described	in	previous	studies,	the	double	deletion	mutant	elo2Δ	elo3Δ	is	not	viable	and	
shows	 growth	 deficiencies	 even	 when	 supplemented	 with	 VLCFAs	 (Oh	 et	 al.,	 1997;	
Revardel	et	al.,	1995;	Silve	et	al.,	1996).	Therefore,	strain	TDY7005	contains	ELO3	on	a	
plasmid	carrying	a	URA3	marker	(pRS316‐ELO3)	that	can	be	used	for	counter‐selection	
on	5‐fluoroorotic	 acid	 (5‐FOA)	 containing	plates.	 To	 test	 the	MvFAS	 in	 an	elo2Δ	elo3Δ	
background	 strain,	 the	 plasmid	 p415GPD‐MvFAS‐AcpS,	 carrying	 a	 LEU	 marker,	 was	
introduced	into	strain	TDY7005.	The	final	strain	TY004,	which	had	lost	pRS316‐ELO3,	was	
obtained	 by	 counter‐selection	 on	 5‐FOA	 containing	 plates.	 Strain	 TY004	 was	 able	 to	
produce	 C22:0‐FA	 and	 C24:0‐FA	 which	 clearly	 demonstrates	 the	 ability	 of	MvFAS	 to	






(NCBI	 accession	 no.	 NP_197642),	 Calanus	 finmarchicus	 (CfFAR1)	 (NCBI	 accession	 no.	
JN243755),	S.	chinensis	(SciFAR)	(NCBI	accession	no.	AF149917)	and	T.	aestivum	(TaFAR)	
(TAA1a;	NCBI	accession	no.	CAD30692),	were	expressed	 in	 two	 JV03	 (CEN.PK	113‐5D	
are1∆	dga1∆	are2∆	lro1∆	pox1∆)	background	strains,	JV03	elo3Δ	(TY001)	and	JV03	elo3Δ	
pELO2	(TY002).	Of	 the	tested	FARs,	only	the	one	 from	A.	thaliana	was	able	 to	catalyze	
docosanol	formation	in	the	background	strain	JV03	elo3Δ	pELO2	(resulting	strain	TY012)	
(Supplementary	Table	2	in	paper	II;	Figure	18a/b).	Strain	TY012	was	able	to	produce	




To	 restore	 cell	 growth	and	achieve	higher	docosanol	production,	 the	next	 step	was	 to	
establish	a	dynamic	control	system.	This	was	implemented	by	separating	cell	growth	and	
docosanol	 production	 into	 two	 different	 phases	 through	 expression	 of	 genes	 under	








































pox1∆	 elo3∆	 pELO2)	 (TY002).	 (a)	 Schematic	 pathway	 for	 docosanol





and	 TY012,	 lacking	 or	 containing	 AtFAR1.	 Shown	 is	 the	 mean	 ±	 SD	 of	 three
biological	 replicates	 of	 a	 representative	 measurement.	 *p<0.05;	 **p<0.01	 and
***p<0.001	 (Student’s	 t‐test,	 one‐tailed,	 two‐sample	 unequal	 variance).	 The
strains	were	grown	in	minimal	medium	containing	3%	glucose	for	72	h.	In	case	of	
















2.4	 mg/L	 docosanol	 (Figure	 20b).	 The	 further	 integration	 of	 ELO1	 under	 the	 GAL7	
promoter	 at	 the	 same	 site	 of	 the	 genome	 did	 not	 improve	 docosanol	 production	
significantly	 (strain	 TY030)	 (Figure	 20b).	 To	 prevent	 putative	 consumption	 of	 the	









illustration	 showing	 the	 separation	 of	 cell	 growth	 and	 docosanol	 production	 by	 using	 carbon	 source	 dependent	
promoters.	(c)	Concentration	of	docosanol	(mg/L)	and	final	culture	OD600	in	strains	expressing	pathway	genes	under
carbon	 source	 dependent	 promoters.	 Shown	 is	 the	 mean	 ±	 SD	 of	 three	 biological	 replicates	 of	 a	 representative








in	 strain	 TY031,	 resulted	 in	 a	 strain	 capable	 of	 producing	 1.4	mg/L	 docosanol	 (strain	
TY033)	(Figure	20b).	When	expressing	MvFAS	in	strain	TY033,	the	docosanol	production	
was	 significantly	 increased	 up	 to	 40	 mg/L	 (TY036)	 (Figure	 20b).	 The	 additional	
integration	of	ELO1	under	the	GAL7	promoter	and	ELO2	under	the	GAL10	promoter	at	the	
ELO3	 site	 of	 the	 genome	 in	 strain	TY036,	 led	 to	 the	 final	 docosanol	 production	 strain	
(TY037),	 capable	 of	 producing	 83.5	 mg/L	 of	 docosanol,	 which	 represents	 an	
approximately	80‐fold	increase	compared	to	the	proof‐of‐concept	strain	TY012	(Figure	
20b).	This	 clearly	demonstrates	 the	 suitability	of	 the	heterologous,	mycobacterial	FAS	
(MvFAS)	 for	 synthesis	 of	 VLCFAs	 in	 S.	 cerevisiae	 in	 concert	 with	 the	 yeast	 intrinsic	
elongases	 Elo1p	 and	 Elo2p	 and	 opens	 up	 the	 possibility	 to	 produce	 a	 broad	 range	 of	
VLCFA‐derived	products	in	S.	cerevisiae.		
	

















As	described	 in	 chapters	2	 and	3,	 it	 is	 possible	 to	 tune	FA	metabolism	 in	S.	 cerevisiae	
towards	the	synthesis	of	VLCFAs	and	derived	products.	However,	the	synthesized	VLCFAs	












It	 has	 been	 shown	 that	 the	 yeast	 intrinsic	 FA	 elongation	 system	mainly	 leads	 to	 the	
formation	of	VLCFAs	with	a	chain	 length	of	C26,	either	occurring	as	saturated	VLCFAs	
(C26:0‐FA)	 or	 as	 hydroxylated	 VLCFAs	 (C26:0‐OH),	 which	 are	 mostly	 present	 in	
sphingolipids	(Dickson,	2008;	Oh	et	al.,	1997).	In	contrast	to	that,	plant	KCS	enzymes	are	
able	to	elongate	C18:1Δ9‐FA	further	to	VLCMUFAs,	e.g.	gondoic	acid	(C20:1Δ11‐FA)	and	
























and	 31.2%	 (w/w)	 of	 TFAs,	 respectively),	 catalyzed	 by	 its	 intrinsic	 FAE1	 KCS	




with	 the	 expression	 of	 heterologous	 FAD	 enzymes	 derived	 from	 plants	 or	 a	 marine	
copepod.	 The	KCS	 enzymes	 tested	 are	 those	derived	 from	A.	 thaliana	 (AtFAE1)	 (NCBI	




from	S.	cerevisiae.	 	The	FADs	 tested	are	 those	derived	 from	C.	hyperboreus	 (ChDes9‐1)	
(NCBI	 accession	 no.	 AHL21604)	 and	 S.	 chinensis	 (SciFAD‐SP)	 (NCBI	 accession	 no.	
AAA33932),	 which	 was	 expressed	 without	 its	 N‐terminal	 31	 AAs	 plastid	 localization	
signal.	Moreover,	two	acyl‐CoA	desaturase‐like	(ADS)	proteins	from	A.	thaliana	(AtADS1.2	
and	 AtADS1.4)	 (NCBI	 accession	 no.	 AT1G06090	 and	 AT1G06120,	 respectively)	 were	
tested	in	this	study.	As	a	control,	we	also	overexpressed	the	Ole1p	from	S.	cerevisiae.		
Except	for	the	KCS	enzymes	from	S.	chinensis	(SciFAE1)	and	T.	majus	(TmFAE1)	as	well	as	
the	 FAD	 from	 S.	 chinensis	 (SciFAD‐SP),	 all	 of	 these	 enzymes	 had	 been	 functionally	
expressed	in	S.	cerevisiae	before.	AtFAE1	produced	C20:0‐FA,	C20:1‐FA,	C22:0‐FA,	C22:1‐
FA,	C24:0‐FA,	C24:1‐FA	and	C26:0‐FA,	with	C20:1‐FA	as	main	product,	when	expressed	in	
S.	 cerevisiae	 strain	 INVSc1	 (Katavic	 et	 al.,	 2002;	Trenkamp	et	 al.,	 2004)	 and	C20:1‐FA,	
C22:1‐FA	as	well	as	C20:0‐FA	when	expressed	in	strain	LRB520	(Millar	and	Kunst,	1997).	





that	AtFAE1	 as	well	 as	BnFAE1	 are	 both	 able	 to	 elongate	 C16:1Δ9‐FA	 in	 S.	 cerevisiae,	
besides	 C18:1Δ9‐FA	 (Katavic	 et	 al.,	 2002).	 CaFAE1	 expression	 in	 S.	 cerevisiae	 strain	




in	 S.	 cerevisiae	 strain	 INVSc1,	 a	 similar	 product	 spectrum	 of	 C20:1Δ11‐FA,	 C22:0‐FA,	
C22:1Δ13‐FA,	C24:0‐FA,	C24:1Δ15‐FA	and	C26:1Δ17‐FA	could	be	observed	 (Guo	et	al.,	
2009).	 Previous	 expression	of	TmFAE1	 in	S.	 cerevisiae	 did	not	 lead	 to	 a	 change	 in	 the	
observed	FA	spectrum	(Mietkiewska	et	al.,	2004).		







C22:1Δ11‐FA,	 C24:1Δ9‐FA,	 C24:1Δ11‐FA	 and	 C24:1Δ13‐FA	 was	 additionally	 enabled	





In	 our	 study,	 the	 combined	 plasmid‐based	 expression	 of	 KCS	 and	 FAD	 enzymes	 was	
performed	 in	 the	 S.	 cerevisiae	 background	 strain	 CEN.PK	 113‐5D	 elo3Δ	 X‐
2::pMPC3::ACC1**	 X‐3::IFA38::PHS1::TSC13::ACB1.	 This	 strain	 harbors	 a	 constitutively	

















was	 to	 study	 the	 influence	 of	 heterologous	 FADs	 on	 the	 synthesis	 of	 VLCMUFAs	 in	 S.	
cerevisiae.	 For	 this	 purpose,	 CaFAE1	 or	 LaFAE1	 were	 expressed	 together	 with	 a	
heterologous	 FAD	 in	 the	 background	 strain	 S.	 cerevisiae	 CEN.PK	 113‐5D	 elo3Δ	 X‐




CaFAE1	 together	 with	 Ole1p.	 The	 strain	 expressing	 LaFAE1	 together	 with	 AtADS1.2	
showed	 the	 highest	 production	 of	 C24:1‐FA	 (0.49	േ	0.05	mg	FAs/g	CDW),	which	was	
approximately	the	same	amount	produced	by	the	strain	expressing	LaFAE1	together	with	
Ole1p.	 Since	 the	 combination	 of	CaKCS	 and	Ole1p	 led	 to	 the	 highest	 concentration	 of	
C20:1‐FA	and	C22:1‐FA,	of	all	enzyme	combinations	tested	in	this	study,	both	enzymes	


























To	 enable	 a	 stable	 expression	 of	 the	 genes	CaFAE1,	ELO1,	FAA1	 and	OLE1,	 they	were	
integrated	 into	 the	 genome	 of	 S.	 cerevisiae	 strain	 CEN.PK	 113‐5D	 elo3Δ	 X‐
2::pMPC3::ACC1**	X‐3::IFA38::PHS1::TSC13::ACB1	(Figure	23).	 It	was	also	attempted	to	
integrate	MaFAldhR	 and	 SciWS	 into	 the	 genome	 of	 the	 same	 strain,	 but	 this	 proved	




Figure	 23	 Wax	 ester	 synthesis	 pathway	 in	 engineered	 S.	 cerevisiae	 strain	 CEN.PK	 113‐5D	 elo3Δ	 X‐
2::pMPC3::ACC1**	 X‐3::IFA38::PHS1::TSC13::ACB1	 X‐4::FAA1::ELO1	 XI‐5::cas9	 XII‐5::CaFAE1::OLE1	
pYX212::MaFAldhR::SciWS::ELO2	(LW24).	Synthesis	of	fatty	acids	(FAs),	fatty	alcohols	(FOHs),	and	wax	esters	(WEs)







(KCS)	 (fatty	 acid	 elongases	 Elo1p,	 Elo2p	 and	 Elo3p),	 the	 β‐ketoacyl‐CoA	 reductase	 (KCR),	 the	 β‐hydroxyacyl‐CoA	






























FOH,	 C18:0‐FOH,	 C18:1‐FOH,	 C20:0‐FOH	 and	 C22:0‐FOH	 could	 be	 detected	
(Supplementary	Figure	S6	in	paper	III).	The	same	FOH	species	were	detected	in	strain	
LW24,	 which	 additionally	 synthesized	 C16:1‐FOH,	 C20:1‐FOH	 and	 C22:1‐FOH	
(Supplementary	Figure	S6	in	paper	III).	Moreover,	strains	LW23	and	LW24	were	both	















LW24	 showed	 a	 significant	 decrease	 (p<0.05)	 in	 C34‐WE	 species	 and	 a	 significant	
increase	 (p<0.05)	 in	C42‐WE	 species	 (Figure	25).	 Strain	LW23	and	LW24	 showed	an	
overall	 titer	of	WEs	of	36.5	േ	16.71	mg/L	and	11.92	േ	1.47	mg/L,	 respectively.	These	








oil	 (Figure	 26).	 Strains	 LW23	 and	 LW24	 were	 also	 analyzed	 for	 the	 molecular	
composition	of	 their	WEs,	which	 in	 total	 identified	73	WE	 species	 (Figure	27).	 Strain	
LW23	mainly	showed	the	synthesis	of	the	WE	species	C18:0‐C16:0	(25.30	±	1.07	mol%),	
C22:0‐C18:1	(17.25	±	1.24	mol%)	and	C18:0‐C16:1	(10.92	±	0.82	mol%)	(Figure	27).	In	
comparison,	 strain	LW24	had	 the	 tendency	 to	produce	WEs	with	 an	 increased	 carbon	
chain	length	and	desaturation	degree,	with	the	most	abundant	WE	species	being	C22:0‐
C20:1	(12.52	±	0.90	mol%),	C22:1‐C20:1	(10.67	±	2.48	mol%)	and	C22:0‐C18:1	(7.16	±	






replicates	 of	 S.	 cerevisiae	 strains	 CEN.PK	 113‐5D	 elo3Δ	 X‐2::pMPC3::ACC1**	 X‐3::IFA38::PHS1::TSC13::ACB1	 X‐
4::FAA1::ELO1	 XI‐5::cas9	 pYX212::MaFAldhR::SciWS::ELO2	 (LW23)	 and	 CEN.PK	 113‐5D	 elo3Δ	 X‐2::pMPC3::ACC1**	












5::cas9	 pYX212::MaFAldhR::SciWS::ELO2	 (LW23)	 and	 CEN.PK	 113‐5D	 elo3Δ	 X‐2::pMPC3::ACC1**	 X‐







Figure	27	Molecular	 composition	of	wax	 ester	 species	 (mol%	of	 total	wax	ester	 species)	 in	 three	 biological	
replicates	 of	 S.	 cerevisiae	 strains	 CEN.PK	 113‐5D	 elo3Δ	 X‐2::pMPC3::ACC1**	 X‐3::IFA38::PHS1::TSC13::ACB1	 X‐
4::FAA1::ELO1	XI‐5::cas9	pYX212::MaFAldhR::SciWS::ELO2	(LW23)	and	CEN.PK	113‐5D	elo3Δ	X‐2::pMPC3::ACC1**	X‐







Besides	 being	 an	 important	 precursor	 for	 cellular	 constituents	 and	 essential	 for	 the	
generation	 of	 energy	 in	 the	 form	 of	 ATP,	 acetyl‐CoA	 also	 functions	 as	 a	 substrate	 for	
protein	acetylation,	which	represents	a	posttranslational	modification.	It	is	a	widespread	
phenomenon	 observed	 in	 pro‐	 and	 eukaryotic	 species	 and	 has	 been	 studied	 e.g.	 in	
bacteria,	like	E.	coli,	as	well	as	in	mammals,	like	M.	musculus	and	Homo	sapiens	(Choudhary	
et	al.,	2014).	Two	main	mechanisms	have	been	proposed	for	the	regulatory	function	of	
lysine	 acetylation.	 The	 first	 one	 is	 a	 change	 in	 protein	 structure	 and/or	 protein	
interactions	with	other	cell	components,	triggered	by	neutralization	of	the	positive	charge	
of	 lysine	 by	 acetylation.	 The	 second	 mechanism	 suggests	 that	 lysine	 acetylation	 of	
proteins	 leads	 to	 the	 recruitment	 of	 “effectors”,	 specifically	 recognizing	 acetylated	
proteins,	 e.g.	 chromatin‐remodeling	 enzymes	 (Kamieniarz	 and	 Schneider,	 2009).	 The	


















cell	 cycle	 progression,	 cytokinesis,	 metabolism,	 RNA	 processing,	 stress	 response	 and	
transcription	 (Duffy	 et	 al.,	 2012;	 Lin	 et	 al.,	 2009;	 Weinert	 et	 al.,	 2014).	 A	 study	
investigating	a	S.	cerevisiae	strain	harboring	a	deletion	in	one	of	the	lysine	deacetylases	
(rpd3Δ)	identified	over	4,000	acetylation	sites	via	high	resolution	mass	spectrometry	in	
batch	 grown	 cells	 harvested	 in	 the	 exponential	 phase	 (OD600	~	 0.5)	 (Henriksen	 et	 al.,	
2012).			
The	 study	 by	Henriksen	 et	 al.	 (2012)	 also	 identified	 a	 range	 of	metabolic	 enzymes	 as	





in	 other	 organisms,	 regulation	 by	 acetylation	might	 have	 a	 conserved	 role	 in	 cellular	
metabolism.	One	enzyme	 in	yeast	 for	which	 the	 regulatory	 function	of	 acetylation	has	


















with	 29	 unique	 acetylation	 sites	 detected	 in	 Fas1p	 and	 50	 unique	 acetylation	 sites	











on	multiple	 levels	 in	yeast.	One	 factor	 influencing	FA	biosynthesis	 is	 the	availability	of	
acetyl‐CoA,	 whose	 concentration	 in	 turn	 influences	 the	 acetylation	 status	 of	 proteins.	
Therefore,	 it	 is	 likely	 that	 there	 is	a	 regulatory	acetylation	mechanism	controlling	FAS	
activity	in	yeast.	To	investigate	this	hypothesis,	the	objective	of	this	study	was	to	analyze	
the	 function	 of	 three	 lysine	 acetylation	 sites	 in	 Fas2p	 (K83,	 K173	 and	 K1551),	 by	
exchanging	these	lysine	residues	against	different	AAs.	In	previous	studies,	a	replacement	
system	 in	 which	 lysine	 is	 substituted	 by	 glutamine	 (Q),	 which	 abolishes	 the	 positive	
charge,	 or	 arginine	 (R),	 which	 retains	 the	 positive	 charge,	 to	 mimic	 a	 constitutively	
















in	 S.	 cerevisiae	 (chapter	1,	 section	1.1.2)	 (Faergeman	 et	 al.,	 2001).	 This	 background	
strain	has	been	chosen,	since	it	has	been	shown	previously	that	FACoAs	can	inhibit	the	
activity	 of	 Fas1p/Fas2p	 (Chirala,	 1992;	 Kamiryo	 et	 al.,	 1976).	 Therefore,	 in	 strain	
CEN.PK113‐5D	 faa1∆	 faa4∆,	 FAS‐activity	 would	 be	 partly	 de‐regulated,	 triggering	 an	
increased	overall	flux	through	the	FA	biosynthesis	pathway,	FA	excretion,	and	inhibition	
of	FFA	turnover,	which	in	turn	could	enhance	the	effect	of	a	regulatory	alteration	in	Fas2p.		
All	 resulting	 strains	were	 investigated	 for	 their	 total	 FFA	 content	 and	FA	 chain	 length	
composition.	 In	 case	 of	 the	 six	 modified	 strains	 derived	 from	 the	 background	 strain	
CEN.PK113‐7D,	no	significant	differences	for	the	growth	behavior,	total	FFA	content	and	
FA	 chain	 length	 composition	 could	be	observed	 for	 strains	 grown	 in	minimal	medium	
containing	2%	glucose,	harvested	at	three	different	time	points	(Figure	1,	Table	3	and	
Table	4	in	paper	IV).	In	case	of	the	eight	modified	strains	derived	from	CEN.PK113‐5D	





































Overall,	 this	study	could	not	confirm	a	regulatory	 function	of	the	three	 lysine	residues	
K83,	K173	and	K1551	 in	Fas2p,	since	both	 triple	mutants,	CEN.PK113‐5D	 faa1∆	 faa4∆	
FASQQQ	and	CEN.PK113‐5D	 faa1∆	 faa4∆	FAS2RRR	 showed	a	 significant	 reduction	 in	FFA	
content	 compared	 to	 the	 control	 strain	 (CEN.PK113‐5D	 faa1∆	 faa4∆)	 when	 grown	 in	
minimal	 medium	 containing	 3%	 glucose	 and	 harvested	 at	 glucose	 depletion	 and	 no	
change	in	FFA	content	compared	to	the	control	strain	when	grown	in	minimal	medium	
containing	3%	glucose	and	harvested	at	stationary	phase	(Figure	30).	This	indicates	that	
the	 AA	 exchanges	 rather	 disturb	 the	 function	 of	 Fas2p	 and	 that	 the	 AA	 replacement	




and	 Schneider,	 2009).	 Compared	 to	 the	 unmodified	 lysine,	 arginine	 is	 bulkier,	 while	
glutamine	is	smaller	than	the	Nϵ‐acetyl‐lysine.	Because	of	that,	both	substituted	AAs	could	
change	the	three‐dimensional	structure	of	the	protein,	and	therefore	negatively	influence	















sequence	 alignment	 showed	 that	 18	 out	 of	 29	 of	 the	 detected	 acetylated	 lysines	 in	 S.	
cerevisiae	Fas1p	are	conserved	in	Y.	lipolytica,	out	of	which	four	were	conserved	in	the	




(MPT)).	 In	 contrast	 to	 that,	 the	 lysine	 residues	 K83,	 K173	 and	 K1551	 found	 to	 be	
acetylated	 in	Fas2p	of	S.	 cerevisiae	were	not	 identified	 to	be	 acetylated	 in	Y.	 lipolytica	
Fas2p.	The	eight	 lysine	acetylation	sites	 found	 in	S.	cerevisiae	as	well	as	 in	Y.	 lipolytica	
Fas1p	and	Fas2p	represent	an	 interesting	set	of	enzyme	residues	to	be	 investigated	in	
potential	future	studies	of	FAS‐acetylation.	
The	use	of	amber	suppression	technology	 to	directly	 introduce	unnatural	AAs,	 like	Nϵ‐







to	 the	 genetic	 code	 of	 S.	 cerevisiae,	 using	 the	 orthogonal	 pair	 tyrosyl–tRNA‐
synthetase/tRNACUA	 from	E.	 coli	 (Chin	 et	 al.,	 2003).	 Other	 orthogonal	 pairs	 used	 in	 S.	
cerevisiae	include	leucyl‐tRNA‐synthetase/tRNALeuCUA		from	E.	coli	(Wu	et	al.,	2004)	and	
glutaminyl‐tRNA‐synthetase	from	E.coli/tRNAiMetCUA from	human	(Kowal	et	al.,	2001).	One	
of	 these	systems	could	potentially	also	be	used	to	study	the	regulatory	 function	of	 the	
lysine	acetylation	sites	in	Fas1p	and	Fas2p.		
Another	possible	strategy	might	be	to	focus	on	the	general	impact	of	lysine	acetylation	on	







that,	 an	 in	 vitro	 assay	 for	 FAS‐activity,	 including	 the	 FAS	 substrates	 acetyl‐CoA	 and	



















while	 their	 goal	 was	 not	 to	 specifically	 produce	 high	 amount	 of	 WEs.	 Moreover,	 the	
majority	of	the	studies	were	performed	under	addition	of	external	FAs	and	FOHs,	which	
function	 as	 substrates	 for	WE	 synthesis.	 The	 expression	 of	 heterologous	 FAR	 and	WS	
enzymes	in	earlier	studies	led	to	the	synthesis	of	WEs	up	to	a	chain	length	of	C36	in	S.	
cerevisiae.	Only	under	substrate	feeding,	WEs	up	to	a	chain	length	of	C44	were	observed	









most	 common	 jojoba	 WEs,	 C42:2‐WEs	 and	 C40:2‐WEs,	 which	 indicated	 a	 lack	 of	
VLCMUFAs.		
This	lack	of	VLC(MU)FAs	in	S.	cerevisiae	was	addressed	in	paper	II	and	paper	III.	In	paper	
II	 we	 identified	 an	 alternative	 route	 for	 production	 of	 VLCFAs	 and	 VLCFOHs	 in	 S.	





VLCFACoAs,	we	developed	a	dynamic	 control	 strategy	 for	 separating	 cell	 growth	 from	
docosanol	 production,	 involving	 galactose	 inducible	 promoters.	 The	 final	 S.	 cerevisiae	
strain	showed	the	highest	docosanol	production	reported	so	far.		
In	paper	III	we	successfully	increased	the	amount	of	VLCMUFAs	of	a	chain	length	of	C20‐












The	 downside	 of	 the	 manipulation	 of	 the	 FA	 biosynthesis	 machinery	 towards	 the	
synthesis	of	VLCMUFAs	is	their	negative	effect	on	the	growth	of	yeast,	which	is	probably	
due	 to	 their	 influence	on	membrane	structure.	This	has	previously	been	described	 for	
oleic	 acid	 (C18:1Δ9‐FA),	 but	 only	 in	 a	 S.	 cerevisiae	 strain	 defective	 in	 storage	 lipid	
biosynthesis,	 BY4742	 are1Δ	 are2Δ	 dga1Δ	 lro1Δ	 (MATα	 his3Δ1	 leu2Δ0	 lys2Δ0	 ura3Δ0	
ycr048wΔ::KanMX4	 ynr019wΔ::KanMX4	 yor245cΔ::KanMX4	 ynr008wΔ::KanMX4),	 a	
descendant	of	strain	S288C	(Petschnigg	et	al.,	2009).	Growth	of	this	strain	was	completely	
abolished	at	a	concentration	of	0.01%	oleic	acid,	whereas	wildtype	cells	were	not	affected.	


















by	 yeast	 should	 be	 investigated	 and	 compared	 to	 the	 position	 of	 the	 double	 bonds	 in	
jojoba	WEs,	since	it	might	have	an	effect	on	the	characteristics	of	the	final	product.	The	
final	product	(the	mix	of	WEs	produced	by	the	modified	yeast	strain)	should	be	tested	for	
its	 properties	 compared	 to	 natural	 jojoba	 oil.	 It	 would	 be	 especially	 important	 to	
investigate	 if	 other	 compounds	 in	 jojoba	 oil,	 e.g.	 the	 phytosterols,	 contribute	 to	 its	
characteristics.	

















which	 could	 potentially	 be	 increased	 even	 further	 (Ferreira	 et	 al.,	 2018).	 The	 WE	
synthesis	 pathway	 could	 also	 be	 implemented	 in	 a	 natural	 oleaginous	microorganism	
(oleaginous	 =	 more	 than	 20%	 TAGs/CDW),	 like	 Y.	 lipolytica,	 which	 contains	 30‐40%	







WEs	 are	 naturally	 stored	 in	 lipid	 bodies	 similar	 to	 TAGs	 (Wältermann	 et	 al.,	 2005;	
Wältermann	and	Steinbüchel,	2005).		
Instead	of	using	cellular	resources	for	overexpression	of	a	range	of	intrinsic	S.	cerevisiae	




of	 lysine	 acetylation	 sites	which	might	 fulfill	 a	 regulatory	 function	 to	 control	 enzyme	
activity.	In	paper	IV	we	investigated	the	potential	regulatory	role	of	lysine	acetylation	in	
Fas2p.	Our	results	indicated	that	the	three	lysine	sites	studied	(K83,	K173	and	K1551)	do	
probably	 not	 fulfill	 a	 regulatory	 function	 in	 FAS	 activity,	 since	 both	 triple	 mutations	











as	well	 as	 expression	of	 a	 range	of	heterologous	bacterial	 and	plant	derived	enzymes.	
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